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Abstract 
Introduction: Patients undergoing orthodontic clear aligner therapy (CAT) may experience 
discomfort in their teeth and jaws, and often present with visible wear on their aligners. This 
multi-site prospective clinical study aimed to analyze tooth pain and masticatory muscle 
tenderness in patients subjected to CAT with Invisalign©. 
Methods: Twenty-seven healthy adults undergoing treatment with Invisalign© were recruited 
from three university-based orthodontic clinics. Tooth pain and muscle tenderness were reported 
on visual analog scales in pain diaries prior to, and after starting CAT. Pressure pain thresholds 
(PPT) measured using pressure algometers were used to assess somatosensory changes in 
trigeminal and extra-trigeminal locations. 
Results: The aligners resulted in tooth pain, which was greater with the initial passive aligner 
than the subsequent active aligners (all p<0.001). Mild jaw muscle tenderness was triggered by 
both the active and passive aligners (all p<0.001). No significant differences were found with PPT 
measurements before and after CAT (p>0.05). 
Conclusion: In the short-term, CAT results in mild tooth pain and jaw muscle tenderness of  
likely limited clinical significance, and does not result in significant somatosensory changes. 
Keywords: clear aligner therapy, aligners, removable appliances, Invisalign, orthodontic pain, 
tooth pain, muscle tenderness, masticatory muscles, clenching, temporomandibular disorder, 
trigeminal  
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Chapter 1: Review of  Literature 
1.1   The Concept of  Clear Aligner Therapy 
Fig. 1 — Orthodontic Clear Aligner Appliance 
The development of  an orthodontic system capable of  tooth movement without the use of  
orthodontic bands, brackets, or wires was described first in 1945 by Dr. H. D. Kesling,1 who used 
a flexible rubber-based tooth positioning appliance. Kesling proposed the concept of  using them 
in successive series for incremental tooth movements. Later, other types of  overlay appliances 
such as invisible retainers were introduced. It was not until the 1960s that Nahoum2 introduced 
the first clear thermoplastic appliance capable of  orthodontic tooth movement. Ponitz3 developed 
the first “invisible retainer” in the 1970s, which was later refined by McNamara in the 1980s. A 
similar appliance known as the Essix retainer was then developed by Sheridan4 in 1993 and 
manufactured by Raintree Essix (New Orleans, USA). This technique is based on clear aligners 
formed on plaster models of  the dental arches. The aligners are then modified physically with 
“divots,”, which create a pushing force on individual teeth, and “windows,” which create the 
space for the teeth to move into.5  
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With the continuing rise of  the digital age of  the 21st century, the integration of  modern 
technology into these earlier fundamental principles gave rise to contemporary clear aligner 
systems that allow for a more comprehensive approach to orthodontic treatment.  Clear aligner 
therapy (CAT) is an orthodontic treatment modality initially introduced to the mass market by 
Align Technology (Santa Clara, California, USA) in 1997.6 This CAT, well-known as the 
Invisalign© system, further advances the principles of  Kesling and Raintree Essix. Utilizing 
CAD/CAM stereolithographic technology, tooth movement is simulated and multiple custom-
made aligners are subsequently fabricated from a single digital or analog impression.7 Presently, 
other companies exist that also manufacture clear aligners for orthodontic therapy with CAD/
CAM technology.8 The core functionality of  clear aligner therapy draws concepts from both 
traditional and clear removable orthodontic appliances9. Recent technological advancements 
have allowed CAT to emerge as a popular treatment option for orthodontic patients.5  
For each patient undergoing CAT, the orthodontist obtains a set of  polyvinyl siloxane impressions 
or digitally scanned impressions, a bite registration in centric occlusion, a panoramic radiograph, 
a lateral cephalometric radiograph, and diagnostic intraoral and extraoral photographs, which 
are sent to the desired clear aligner manufacturing company. For converting analog impressions, 
one method is to pour them in dental plaster and then place them in a tray encased with epoxy 
and urethane. A scanner then uses its rotating blades to make numerous passes over the epoxy-
encased models, removing a thin layer on each pass. A computer linked with the scanner then re-
assembles the scanned information to create a 3-D digital rendering of  the models. Another 
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method to convert the analog impression is to apply a computed-tomography (CT) scan of  the 
impression. This scanning step is omitted if  digital impressions were acquired.  
After the bite has been established (to relate the upper and lower dental arches) an orthodontic 
technician uses software to “cut” the virtual models and separate the teeth into individual units. 
Using the orthodontist’s treatment prescription, proper alignment of  the teeth and occlusion is 
established virtually, with the company's software. Once the final setup has been established, 
tooth movements are staged so that there are no occlusal and interproximal interferences, and the 
velocities of  movements are within the range of  limits set by the computer software. The number 
of  stages equates to the number of  aligners manufactured for a particular orthodontic case. And 
this number depends on the amount and complexity of  three-dimensional tooth movement. The 
orthodontist has the opportunity to modify the treatment plan including the staging of  tooth 
movements and final tooth positions.  
Once it is approved, the individual stages are converted into physical models by a process of  
stereolithography. Stereolithography utilizes laser technology to polymerize resin for the 
fabrication of  multiple resin models. These models are then used to fabricate the thermoplastic 
clear aligners. Aligners are then trimmed, labelled, disinfected, packaged and shipped to the 
doctor’s office.5 
	  
The main advantages of  CAT include removability for ease of  eating and maintaining oral 
hygiene, improved esthetics and reduced short-term periodontal risk.7, 10, 11 Additionally, its 
smaller size compared to conventional fixed orthodontic appliances has also led to improved 
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patient acceptance of  orthodontic treatment.12, 13 CAT is often described as less painful 
compared to conventional fixed orthodontic appliances, but recent research has shown that it 
may produce greater levels of  initial pain.14 Although CAT is widely accepted by patients, it is 
still not known how the masticatory muscles react to this treatment modality. 
1.2   Pain and Discomfort in Orthodontic Treatment 
Pain is defined by the International Association for the Study of  Pain as “an unpleasant and 
emotional experience associated with actual or potential tissue damage or described in terms of  
such damage”.15 It is well-understood that pain and discomfort can be a highly complex and 
subjective experience16 and is often a concern among patients undergoing orthodontic treatment.
17–19 The anticipation and fear of  pain is a major reason why patients decline orthodontic 
treatment.20–22 In one particular survey conducted by O’Connor,23 patients rated pain as the 
greatest dislike in regard to their experience with orthodontic treatment, and ranked fourth 
among major fears and apprehensions. Orthodontic pain can also negatively impact patients’ 
compliance, oral hygiene, lead to increased frequency of  missed appointments, as well as 
compromising the overall treatment results and patient satisfaction.12, 16, 24, 25 Additionally, in 
some instances, the impact of  pain on patients’ daily lives could be a significant factor for 
discontinuation of  orthodontic treatment.20, 26, 27 On the other hand, it is not surprising patients 
who experience low levels of  orthodontic pain tend to have an improved level of  compliance, 
cooperation and satisfaction with orthodontic treatment.16, 28 
	  
The majority of  patients will experience varying amounts and frequencies of  pain during their 
course of  orthodontic treatment.17 The initial pattern of  pain experienced by patients with 
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traditional fixed orthodontic appliance therapy has been well documented,12, 17, 29–32 with the 
pain and discomfort that may be experienced further into treatment not as thoroughly studied. In 
the initial stages, patients experience peak levels of  pain within approximately the first 24 hours 
of  archwire placement, followed by a gradual decrease towards baseline levels within 7 days.14, 17, 
33–36 Other studies have found that the first 4 to 7 days were the most critical for the patient in 
terms of  general discomfort.32 These results are in agreement with studies that found patients are 
generally able to tolerate and adapt to new appliances within a week after placement.12 
	  
The initial peak in pain and discomfort following the first 24 hours of  orthodontic appliance 
activation has been correlated with an acute inflammatory response.37 The cause of  pain and 
discomfort has been thought to be caused by the compression of  the periodontal ligament due to 
the applied initial orthodontic force. During the initial period of  24 to 48 hours, ischemia, edema 
and release of  pro-inflammatory mediators is experienced by the local periodontium.38, 39 An 
analogous pattern is observed with PgE and IL-1β levels found in the gingival crevicular fluid, 
which reach peak levels within the first 24 hours of  initial orthodontic appliance activation and 
gradually decrease to baseline levels after a week.40 Hence, the clinically observed pattern of  pain 
progression during the first week of  orthodontic treatment may be attributed to changes at the 
molecular level involving inflammatory mediators within the local periodontium.35 
1.3   Comparison of  Pain Between Clear Aligners and Fixed Appliances 
Multiple studies have demonstrated that the patients’ perception of  pain, discomfort and quality 
of  life varies between fixed appliances and removable appliances including clear aligners.33 In 
general, fixed appliances tend to produce higher levels of  discomfort, tension, pressure, tightness, 
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pain and sensitivity compared to removable or functional appliances.16, 32, 41, 42 However, patients 
undergoing functional or removable appliances experience problems related to speech and 
swallowing more frequently than fixed appliance patients.12, 32, 42, 43 Removable appliances deliver 
intermittent levels of  force application, which has been speculated to allow the dentoalveolar 
tissues time to repair and re-organize before the compressive forces are re-applied.44 
Miller et al.33 conducted the first study in 2007 comparing the differences in pain and quality of  
life experienced by participants undergoing orthodontic treatment with CAT and fixed appliance 
therapy. The study was a prospective longitudinal cohort study with 33 in the CAT group and 27 
in the fixed appliance group. The participants were instructed to use a daily diary for 7 days, 
measuring functional, psychosocial and pain-related impacts45. The diary consisted of  questions 
modified from the Geriatric Oral Health Assessment Index,46 a 5-point Likert scale for 
demographic data and a visual analog scale for pain. The results illustrated that the progression 
of  pain in aligner treatment followed a similar pattern to that of  fixed appliances, where pain 
peaked after 24 hours and then gradually returned to baseline (Fig. 2). The initial levels of  pain 
were higher for the fixed appliance group along with higher levels of  analgesic consumption. 
Both groups recovered to baseline levels within 7 days. 
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Fig. 2 — Miller et al. (2007) Mean Psychosocial Scores and Mean Pain Scores 
A: Mean psychosocial scores for CAT group and fixed appliance group over a 7-day period. Higher scores mean more positive 
psychosocial measure; B: Mean pain ratings for CAT group and fixed appliance group over a 7-day period. Higher scores 
mean more pain.33 
	  
In a subsequent study by Shalish et al.,14 68 participants being treated either by buccal fixed 
appliances, lingual fixed appliances or CAT were recruited to complete a previously validated 
patient-reported outcome questionnaire47–55 and visual analogue scales for pain during the first 
week and the 14th day (Fig. 3). The results illustrated that the average initial pain levels were 
consistently higher in the lingual fixed appliance and CAT groups, with analgesic consumption 
paralleling and coinciding with the pain levels, without reaching statistical significance. In all 
three groups, the pain levels subsided to baseline within one week (Fig. 3). 
	 !7
Fig. 3 — Shalish et al. (2012) Level of  Reported Pain 
Patients’ level of  reported pain when undergoing treatment with either buccal fixed appliances, lingual fixed appliances or 
CAT.14 
To further explain and compare the pain levels between these orthodontic treatment modalities, 
Fujiyama et al.34 performed a prospective clinical trial with 145 participants undergoing either 
CAT, fixed appliances, or a hybrid treatment of  both. Using a visual analogue scale, the 
participants were requested to record their pain levels at time points of  60 s, 6 h, 12 h, 1 to 7 days 
post-appliance insertion. This was then repeated at the 3rd and the 5th week post-appliance 
insertion. Their results showed a similar pattern of  pain progression during the first week of  
appliance delivery for all groups studied (Fig. 4).29, 30, 37 They point out however, that the overall 
pain levels were significantly more intense and longer lasting for the fixed appliance group than 
either aligner or the hybrid group. 
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Fig. 4 — Fujiyama et al. (2014) Intensity of  Pain 
Intensity of  Pain measured by VAS scores during the first week of  appliance insertion. EG: Edgewise group; EIG: Edgewise 
and Invisalign group; IG: Invisalign group; asterisk (*): indicating statistical significance between EG and IG groups.34 
In a more recent study by White et al.35 in 2017, 41 participants were randomly allocated to 
either a CAT or fixed appliance treatment group to examine the differences in their pain levels. 
Daily diary entries with pain measured on a visual analogue scale were recorded by the 
participants. The diary was completed at initial appliance delivery, daily for the first week, as well 
as the first 4 days after their next two follow-up appointments. They found the pattern of  pain 
progression during the first week following initial appliance activation was in good agreement 
with past studies.14, 17, 29, 30, 33, 34 The CAT group experienced consistently lower levels of  pain 
than the fixed appliance group, and their rate of  analgesic consumption closely paralleled the 
pattern of  pain progression during the first week (Fig. 5). Similarly, over the longer term of  2 
months, the pain level was less in the CAT group than the fixed appliance group. This was 
thought to be related to the role of  proinflammatory mediators, such as IL-1β. After initial 
appliance insertion, pain sensitization is increased through activation of  receptor-associated 
kinases and ion channels. And in the subsequent months, these mediators induce transcriptional 
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up regulation of  receptors, leading to hyperalgesia as described by Opree et al.39 The participants 
in the fixed appliance group may have experienced an increased initial inflammatory response, 
which led to an increased sensitization of  the nociceptors, and higher pain sensation in 
subsequent follow-up appointments.35 
 
Fig. 5 — White et al. (2017) Median Levels of  Discomfort 
Median levels of  discomfort of  patients treated using CAT (A) and fixed appliances (B) at initial appliance insertion, 1 
month and 2 month follow-up appointments.35 
The results of  pain and discomfort comparison studies between CAT and fixed appliances by 
White et al.,35 Fujiyama et al.,34 and Miller et al.33 are in general agreement with each other, as 
well as past studies that showed fixed appliances cause more pain than removable appliances. 
These results are however in contrast to the findings from Shalish et al.,14 which reported pain 
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was greater in participants treated with CAT than buccal fixed appliances. A possible reason for 
this inconsistency could be the variation in the aligner material composition. White’s35 study was 
the only study to utilize SmartTrack, a newer thermoplastic aligner material by Align Technology 
introduced in 2013, whereas the previous studies used the older EX30 aligner material. Limited 
evidence suggest that SmartTrack may be more comfortable than the older materials,56 but 
further studies are needed to validate this. Additionally, Shalish’s14 research does speculate that 
the differences in pain levels observed may possibly have been due to a higher mechanical force 
level being applied early in treatment for the CAT group compared to the fixed appliance group. 
1.4   Adaptation of  Jaw Muscles to Orthodontic Therapy 
The two main factors that may influence the adaptation of  jaw muscles to orthodontic therapy 
are pain and occlusal changes that occur during treatment. Tooth pain is a major negative 
sequelae that is experienced by patients undergoing orthodontic treatment27 and it has been 
shown to adversely impact the patients’ quality of  life.50, 51 Sergl et al.12 illustrated that the 
acceptance of  and compliance with an orthodontic appliance and treatment in general may be 
predicted by the amount of  initial pain and discomfort experienced. When patients are faced 
with traditional fixed appliances, they may adapt by avoiding tooth contact in an effort to reduce 
tooth pain related to orthodontic treatment. This phenomenon follows the principles of  the pain-
adaptation model proposed by Lund et al.,57 which may provide an explanation for why 
orthodontic pain may lead to a decrease in electromyographic activity.58 
	  
The pain-adaptation model has been used to explain the observation that pain associated with 
initial orthodontic tooth movement causes patients to have a suppression of  jaw muscle activity 
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and thus avoidance of  chewing.58 This avoidance could be the result of  conditioned, and/or 
nociceptive reflexes in response to the pain associated with the initial tooth movement after 
orthodontic appliance activation. Pain is believed to be a result of  the effects of  compression or 
tension of  the pain receptor endings in the periodontal ligament.59 In a study by Stohler60 and 
quoted by Lund et al.,57 pain is associated with a decrease in electromyographic (EMG) activity 
of  a muscle acting as an agonist and an increase when the muscle acts as an antagonist. In this 
proposed theoretical model, Lund and others suggest motor programs control the premotor 
nociceptive interneuron to agonist and antagonist motor neurons in a reciprocal way. The 
feedback of  pain to the motor command lowers the agonist muscle output via excitation of  the 
inhibitory motor neuron supplying them and inhibits the excitatory motor neurons supplying the 
agonist muscle group. 
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Fig. 6 — Lund et al. (1991) Theoretical Mechanism for the Pain-Adaptation Model 
Hypothetical model to explain the changes in muscle activity caused by chronic pain.57 
Clinical findings reveal some patients undergoing CAT with Invisalign© report jaw muscle 
tenderness10 and present wear facets on their clear aligner trays, thus suggesting that the aligners 
may have acted as occlusal splints.61 Therefore, it is possible that a different adaptation 
mechanism involving repetitive tooth clenching may have occurred in these patients. This has 
been suggested and supported in a study in which it was found that the frequency of  daytime 
tooth clenching increases while undergoing CAT.62 Perhaps it is possible that patients are 
triggered to clench on the aligner trays to alleviate orthodontic pain. Farzanegan et al.63 has 
described this as being similar to clenching on plastic wafers. Proffit proposed, as long as light 
orthodontic forces were used, the amount of  pain experienced by patients could be reduced by 
having them engage in repetitive chewing of  gum or plastic wafers during the first 8 hours after 
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the appliance is activated. This would cause repetitive temporary displacement of  the teeth 
which may promote blood flow through the compressed areas of  periodontal ligament, thus 
preventing the accumulation of  pro-algesic mediators in the periodontal ligament space, and 
promoting pain relief.64, 65 
In addition, repetitive clenching on the aligner trays can act as a conditioning stimulus to reduce 
the perception of  the orthodontic noxious stimuli in a conditioned pain modulation paradigm, as 
proposed by Yarnitsky.66 This coincides with clinical reports of  wear facets evident on the aligner 
trays and muscle tenderness in some CAT patients.10 Therefore, it is a possibility that patients 
undergoing CAT may have transient symptoms of  myofacial pain and temporomandibular joint 
disorder (TMD) as a result of  repetitive clenching in order to relieve orthodontic pain. 
Conditioned pain modulation (CPM) is a term used to describe a psychophysical paradigm in 
which one noxious stimulus can be used as a conditioning stimulus to reduce the perception of  
pain by another stimulus.66 CPM may be observed using a variety of  tests involving the “pain 
inhibits pain” model (Fig. 7).67  
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Fig. 7 — Nir et al. (2015) Schematic Illustration of  Conditioned Pain Modulation 
CPM is expressed by the reduced pain sensation of  the test stimulus induced by the application of  the conditioning stimulus. 
This may be depicted by either subjective numerical pain scores (a) or objective features of  pain-evoked potentials recorded 
using an electroencephalogram detecting magnitude and latency (b). Representative test stimuli include thermal contact-heat 
administered using a thermode (c), mechanical pressure (d), electrical pain detection threshold (e1), and suprathreshold pain 
ratings (e2), and nociceptive withdrawal reflex responses (f). Typical conditioning stimuli primarily consist of  thermal 
contact-heat (g), cold pressor test (h), and hot water bath test (i). CPM, conditioned pain modulation.67  
1.5   Relationship Between Oral Parafunction and TMD 
Oral parafunction behaviours are daytime activities such as gum chewing, clenching, nail/lip/
cheek biting, and other object biting, which go beyond physiological oral functioning such as 
chewing, swallowing and talking.68 These are typically harmless; however when the forces 
produced exceed an individual’s physiologic structural tolerance, they could result in harmful 
effects on muscles and joints,69 70–72 and could be considered as adverse behaviours.  
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Daytime clenching (ie. awake bruxism) continues to be a subject of  interest and discussion within 
the dental community for its possible relationship with temporomandibular disorder (TMD) pain.
73, 74 Experimental sustained low-level tooth clenching has been shown to cause soreness in 
elevator jaw muscles in healthy subjects.75 76 A significant association between daytime clenching 
and myofacial pain of  the masticatory muscles was demonstrated by self-reports68–70 and by 
objective recordings.77–79 The contributing role of  oral parafunction to the onset of  TMD has 
been further supported recently by a large-scale prospective cohort study74 and by the significant 
reduction of  pain symptoms after reversal treatment of  the habit.80 
On the other hand, a number of  studies have shown a limited contribution,81 and the absence of  
clinically relevant relationships between different types of  self-reported parafunctions (including 
daytime clenching) with TMD-pain complaints,82 as well as a lack of  a correlation with facial 
pain intensity.83 Also, other studies, using tooth wear (attrition) as an indicator for long-term 
parafunctional behaviours, have failed to find a clinically relevant dose-response relationship 
between clenching and TMD pain.84, 85 
These contradictory findings between studies have been primarily related to the technical 
difficulty in identifying the presence of  waking-state oral parafunctions in the natural 
environment because people are often unaware of  their oral habits.68 Therefore, objective and 
more reliable measurement techniques based on electromyographic assessments should be 
performed to confirm or deny the possibly relationship between daytime clenching and TMD 
pain. With recent novel technical advancements, surface electromyography (sEMG) has become 
an objective, reliable and non-invasive technique for evaluating the extent and duration of  muscle 
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activity.86 In controlled experimental conditions, EMG has been shown to be a powerful tool for 
the clinical evaluation of  elevator jaw muscles, to detect muscle hyper- and hypo- function, rest 
position and fatigue.87 EMG evaluation also allows the ability to distinguish between functional 
and non-functional oral behaviours.88 
The possible relation between clenching and masticatory muscle pain has been tested in several 
EMG studies, which have shown that experimental low-level clenching tasks are associated with 
muscle soreness and fatigue, leading to TMD-like pain symptoms76, 89 and that experimental 
high-level clenching was found not to be related to long-lasting pain of  the masticatory muscles.
76, 90 Additionally, a delayed-onset of  masticatory muscle soreness and a temporary diagnosis of  
myofacial pain occur in subjects performing episodes of  eccentric and concentric jaw muscle 
contractions with different intensities.72 In a recent study by Cioffi et al.,91 with the utilization of  
sEMG, it was found that individuals diagnosed with myofacial pain of  the masticatory muscles 
have an increased frequency in both high and low intensity daytime clenching episodes compared 
to pain-free individuals. The results were in agreement with previous reports showing that the 
frequency of  non-functional tooth clenching is higher in TMD than in TMD-free individuals77, 
92, 93 and that daytime clenching and oral parafunctions are more frequent in subjects with a 
myofacial pain diagnosis.69, 70, 74, 75 
1.6   Relationship Between TMD and Orthodontic Treatment 
Temporomandibular disorder (TMD) is a collective term that encompasses a number of  clinical 
problems that involve the masticatory muscles, temporomandibular joints (TMJ) and associated 
structures, and forms the most prevalent clinical entity affecting the masticatory system.94 
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Therefore, it is recognized as a musculo-skeletal disorder. In addition, TMD is the main cause of  
pain of  non-dental origin in the oro-facial region including the head, face and related    
structures.95 The etiology and pathophysiology of  TMD is poorly understood and it is generally 
accepted that the etiology of  TMD is multifactorial, involving a large number of  direct and 
indirect causal factors. A thorough review of  the literature shows that there are at least five major 
etiologic factors that have a possible association with TMD: occlusion, physical trauma, 
emotional stress, deep pain input and parafunction.96 In addition to these variables is each 
patient’s adaptability, which is another factor that has yet to be well-investigated. Of  these known 
etiologies of  TMD, orthodontic therapy routinely affects only one factor: occlusion. However, 
even occlusal factors are not always related to TMD.97 The role of  occlusion in TMD has been 
extensively debated, leading to many opinions and much controversy. It continues to be a 
resounding issue in orthodontics and interest in it is appropriate because orthodontists routinely 
and often completely change a patient’s occlusal relationship during orthodontic treatment.96 
	  
Prior to the late 1980s, a very limited number of  well-designed clinical studies focussing on 
occlusion and TMD were available. The attention of  the orthodontic community regarding 
TMD exploded in the late 1980s after litigation involving orthodontic treatment as the cause of  
TMD in some patients.98 However, evidence to suggest that orthodontic treatment had not 
caused TMD was lacking. In a review by Reynders99 published in 1990, it was found that of  the 
91 articles published between 1966 and 1988, only six were sample studies involving large groups 
of  individuals. The remaining articles were case reports (n=30) and viewpoint articles (n=55), 
mostly giving an expert’s opinion with almost no data to support the claims. By the mid-1990s, a 
series of  studies became available with the goal of  finding the possible relationship between 
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occlusion and TMD. In summary, the data obtained did not suggest that orthodontic therapy was 
a significant risk factor for the development of  symptoms of  TMD.100 Most of  these studies were 
well-designed, leading readers to conclude that orthodontic therapy is not a risk factor for TMD. 
Therefore, one might say that orthodontic treatment is simply unrelated to TMD. Although most 
orthodontists would be comfortable accepting this concept, such a broad statement is more than 
likely too simple. 
The majority of  long-term studies on the relationship between orthodontic therapy and TMD 
have been accomplished with well-controlled orthodontic therapies. Almost all the studies were 
performed in university graduate orthodontic programs, where treatments were well-supervised 
and controlled. Perhaps poorly completed orthodontic treatment may reveal risk factors for 
TMD. Another consideration in interpreting the results is that many patients who received 
orthodontic treatment were young, healthy and adaptive. A developing masticatory system may 
help young patients adapt to occlusal changes and joint positions, rendering them less likely to 
have functional issues in the future. This variable has not been well-studied and is certainly a 
consideration when it comes to the development of  TMD. 
A more recent systematic review was conducted by Manfredini et al.,101 with an inclusion 
criterion of  studies of  adults, assessed the association between TMD and dental occlusion. 
Twenty-five studies were included, and of  these, 17 had a case-control design. Variation existed 
in the definition of  TMD between studies which led to a marked degree of  heterogeneity. They 
concluded there was an absence of  evidence that supports the hypothesis that dental occlusion 
has a role in the pathophysiology of  TMD. However, we must keep in mind that the absence of  
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evidence does not necessarily mean that there is a lack of  an effect. Because TMD is a 
multifactorial pathology, it may be difficult to demonstrate a direct correlation between one of  
the causes, such as occlusion. It has been suggested that variables are so many and so mixed that 
we do not have adequate diagnostic instrumentation to establish a clear correlation.94  
Several therapeutic protocols have been suggested for TMD management. As a consequence of  
the multifactorial etiology, multidisciplinary non-invasive therapies, which are also reversible, are 
generally suggested. Treatments should address not only the physical diagnosis, but also the 
psychological distress and the psychosocial dysfunction found in patients affected with chronic 
pain conditions.102 A stable masticatory system includes a stable occlusal position in harmony 
with a stable joint position. From an orthodontic stand-point, the criteria for optimum orthopedic 
stability in the masticatory system, as explained by Okeson,96 would be to have even and 
simultaneous occlusion of  all possible teeth when the mandibular condyles are in their most 
superoanterior position, resting against the posterior slopes of  the articular eminences, with the 
discs properly interposed. In other words, the musculo-skeletally stable position of  the condyles 
should coincide with the maximum intercuspal positions of  the teeth. Establishing an 
orthopedically stable relationship between the occlusal position of  the teeth and the joint position 
is important for proper masticatory function throughout the patient’s lifetime. Although in most 
situations orthodontic treatment neither causes nor prevents TMD, the orthodontist is in an 
excellent position to provide and support orthopedic stability in the masticatory structures. 
Orthodontic treatment goals should be routinely directed toward establishing orthopedic stability 
in the masticatory structures and achieving these goals will most likely reduce the patient’s risk 
factors for developing TMD.96 
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1.7   Pressure Pain Thresholds of  the Masticatory Muscles 
Among TMDs, myofacial pain of  the jaw muscles forms the most prevalent clinical entity 
affecting the masticatory apparatus. Muscle tenderness to palpation is an important clinical sign 
and is found in nearly 90% of  patients with TMD.103 With muscle tenderness to palpation a key 
component in the diagnostic process, the need for reliable clinical measurement is advocated. 
Tenderness upon palpation is either assessed by the examiner or by the patient and questions 
have been raised regarding the validity and reliability of  either method.104 
The diverse methods of  manual palpation are difficult to quantify and standardize, and as such, 
better methods are required clinically. Reliability of  muscle tenderness can be improved if, 
instead of  using the finger, the examiner uses an instrument that applies pressure over a specific 
area at a constant uniform rate. Pressure algometers have been utilized to measure the pressure 
pain threshold (PPT), which is defined as the amount of  applied pressure necessary for a subject 
to report the onset of  pain or when the pressure has become unpleasant105. PPT is an 
investigative tool for measurement of  muscle tenderness,106, 107 and is usually determined by 
palpation procedures, either digitally or with the aid of  a pressure device like an algometer. 
Pressure algometry has produced reliable and valid measures of  PPT in patients with a variety of  
musculoskeletal pain syndromes107, 108 and in asymptomatic subjects106, 109, 110 and is more 
objective than manual palpation. Algometers can improve reliability because of  their constant 
area of  skin contact and their ability to control the rate and direction of  pressure application.111 
According to McMillan and Blasberg,112 reliable PPT data can be obtained from an algometer if  
some factors (size of  tip, rate of  pressure, and degree of  muscle contraction) are standardized. 
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The consistent observation of  lower PPT in myofacial pain subjects than in pain-free controls is 
evident in several studies91, 107, 110, 113, 114 and supports the validity of  pressure algometry for the 
assessment of  muscle tenderness. Ohrbach et al.108 have shown that between-session PPT with 
pressure algometry across multiple sessions is reliable and without significant differences. The 
lack of  inter-session differences is also consistent with other reports in the literature.105, 109 Having 
been proven successful in evaluating jaw muscle tenderness in myofacial pain patients, algometry 
has also been found to be practical for use in population studies,115, 116 for diagnostic purposes,110 
for evaluating the efficacy of  management strategies,109, 112, 117 and for investigation of  tension-
type headaches.118, 119 
1.8   Psychological Effects on Orthodontic Treatment, Parafunction & Pain 
Considerable interest in clinical and pain assessment literature continues to be focussed on 
identifying and managing specific cognitive factors that are related to pain and the individual’s 
response to persistent pain.120 In clinical practice, pain is a common consequence and expected 
with treatment. It is easy to assume that all such pain is a direct consequence of, and directly 
proportionate to, the nociception activated by the clinical procedure (eg. placement of  a new 
orthodontic archwire or placement of  new elastomeric chains). However, it is apparent clinically 
that the perception of  pain varies considerably across individuals when the same stimulus, such as 
an initial light archwire, is activated. The expected procedural pain of  a new archwire activation 
is generally believed to be relatively minor and self-limiting; however, some patients will report a 
much different experience.121 It is generally accepted that particular affective and cognitive 
behavioural factors contribute to these differences in individual pain perception.122, 123 
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Specifically relevant to the medical and dental settings, pain perception is influenced by factors 
such as somatosensory amplification and anxiety.124, 125 
It has been previously established that experimentally induced orthodontic pain is greater in 
individuals who exhibit higher levels of  trait anxiety,121 and oral parafunctional behaviours are 
more frequent in patients with higher trait anxiety.121, 126 The State-Trait Anxiety Inventory 
(STAI) is a self-report questionnaire to measure the presence and severity of  current symptoms of  
anxiety and a generalized propensity to be anxious. It is composed of  two components, the first 
being the State Anxiety Scale (S-Anxiety) which evaluates the current state of  anxiety using items 
that measure subjective feelings of  apprehension, tension, nervousness, worry, and activation/
arousal of  the autonomic nervous system. The Trait Anxiety Scale (T-Anxiety) measures 
relatively stable aspects of  “anxiety proneness,” including general states of  calmness, confidence 
and security. It refers to a general pattern of  physical dysregulation and concern that is 
characteristic of  an individual.127 The STAI is composed of  40 items with 20 allocated to each of  
the S-Anxiety and T-Anxiety subscales. The test-retest reliability coefficients on initial 
development ranged from 0.31 to 0.86 (ranging from 1 hour to 104 days). Not surprising, since 
the S-Anxiety scale tends to detect transitory states, test-retest coefficients were lower for this scale 
as compared to the T-Anxiety scale. Internal consistency (Cronbach’s α) were quite high ranging 
from 0.86 to 0.95.127 
The Somatosensory Amplification Scale (SSAS) is a self-evaluation questionnaire for measuring 
amplification while somatizing. Somatosensory amplification refers to the tendency to perceive a 
given somatic sensation as intense, noxious and disturbing.128 What may be a minor “soreness”, is 
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a severe, consuming pain to the amplified, psychologically distressed individual. The 10-item 
questionnaire has established a test-retest reliability of  0.7-0.8 (over an average of  74 days) and 
internal consistency of  0.8 (Cronbach’s α) in multiple studies.129–131 It also has been shown that 
elevated levels of  somatosensory amplification are evident in patients with myofascial pain.132 It 
has been previously observed that trait anxiety may contribute to somatosensory amplification.128 
In addition, a number of  studies have demonstrated that somatosensory amplification is 
correlated with several indices of  general distress, including anxious and depressive  
symptoms133–135. The observed correlations ranged between 0.28 and 0.54 indicating a potential 
relationship between the two constructs that is clinically important. 
	  
In addition to general psychological distress, catastrophizing may be another important cognitive 
factor that affects perception of  and response to persistent pain. Catastrophizing is defined as “an 
exaggerated negative mental set brought to bear during actual or anticipated painful experience”.
136 Previous investigations have shown catastrophizing to be an important predictor of  
psychological distress, disability, analgesic use, and dysfunctional adjustment to pain in clinical 
and non-clinical samples.137–141 In a review of  cognitive mediators of  pain, Turk and Rudy noted 
that “the most important factor in poor coping both in laboratory and clinical pain appears to be 
presence of  catastrophizing rather than differences in adaptive coping strategies”.142 The Pain 
Catastrophizing Scale (PCS) is a 13-item scale for use in assessing catastrophizing in clinical and 
nonclinical populations. The internal consistency for the PCS has shown to be 0.87-0.95 
(Cronbach’s α) in literature with a test-retest reliability of  0.75 for 6 weeks and 0.70 at 10    
weeks.120, 143 
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Another important psychological condition to consider is depression. Patients who present with 
depression along with medical illness tend to have more severe symptoms, more difficulty 
adjusting to their health condition, and more medical costs than patients who do not have a co-
existing depression.144 Prompt and early recognition of  treatable depression can result in faster 
recovery and improved outcome of  the co-occuring physical illness. Several patient-related 
assessment scales for detecting depression were proposed throughout the second half  of  the 20th 
century, along with the discovery of  effective antidepressant drugs and development of  cognitive-
behavioural therapy. A popular instrument includes the Beck Depression Inventory (BDI).145 
Among the investigations on using self-assessment measures to evaluate depression, the BDI 
outnumbers other instruments in the amount of  published research — more than 7,000 studies 
are using this scale.146 The BDI has been translated and validated in 17 languages thus far and 
recently, the BDI has been ever-increasingly used in the medically ill to evaluate depressive states 
that occur at high prevalence in healthcare settings. The reliability of  the BDI among medical 
samples has proven to be satisfactory with an internal reliability of  approximately 0.9 
(Cronbach’s α). No studies on the test re-test reliability is available for medical samples. However, 
the stability of  the BDI, as expressed by re-test coefficients of  Pearson’s r of  0.9 was reported by 
Beck and colleagues for psychiatric and student samples.147 Evaluating depression may be an 
important factor for orthodontic patients as those who have high levels of  depression may 
experience relatively more pain than those with lower to no levels of  depression. 
Oral parafunctional behaviours include activities such as clenching, grinding, object biting, gum 
chewing, and tongue and jaw movements that go beyond physiologic functioning. These adverse 
behaviours can potentially have detrimental effects on the dentition, temporomandibular joints 
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and muscles of  mastication.70, 71 Therefore, the detection of  patients’ oral behaviours can be 
useful for clinicians in the management and prevention of  TMD. Wake-time oral behaviours 
were identified by the Oral Behaviour Checklist (OBC).148 The OBC is an instrument widely 
used in research and clinical settings and is a self-reporting questionnaire, quantifying the 
frequency of  observable and non-observable parafunctional oral behaviours. It has proven to be 
a reliable questionnaire with its excellent test-retest correlation of  0.86-0.88.83, 149, 150 Self-
reported waking-state oral parafunctional behaviours are found to be more prevalent in TMD-
symptomatic patients who have mood disorders, such as anxiety.79, 126 However, it has been found 
that trait anxiety is weakly correlated to the frequency of  oral behaviours in pain-free  
individuals.149 
1.9   Summary of  Problem	  
Routine orthodontic procedures are a common source of  acute and self-limiting pain.16, 124, 151 
The extent of  pain associated with these procedures, however, vary considerably across patients, 
just as any pain varies. It has been found that anxiety appears to influence the perception of  
orthodontic pain16 and patients with prolonged pain during orthodontic treatment exhibit higher 
levels of  anxiety scores than do individuals with pain of  short duration.152 It also has been shown 
that orthodontic pain perception is significantly greater in patients who exhibit high levels of  
both trait anxiety and somatosensory amplification compared to patients with low levels of    
both.121 Associations between oral parafunctional behaviours and orofacial pain, and between 
oral parafunctional behaviours and anxiety have also been observed.70, 79 But whether oral 
parafunction as a trait behaviour contributes to the pain, whether oral parafunction is a 
mediating variable, or whether oral parafunction is a consequence of  pain are presently 
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unknown.153 Stress and anxiety can be considered as variables functioning to modulate oral 
parafunction and pain. Further evaluation of  the above psychological constructs discussed could 
be of  interest to possibly identify individuals who may be more sensitive to pain and discomfort 
during orthodontic therapy. This could lead to important orthodontic treatment implications, 
such as whether initial consultations for treatment should include consideration of  behavioural 
constructs and, as indicated, include behavioural treatment such as anxiety and stress 
management and symptom perception management as an adjunct for susceptible patients. 
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Chapter 2: Objectives & Hypothesis 
2.1   Research Question 
In adult patients with orthodontic malocclusions, what is the effect of  clear aligner therapy (CAT) 
on orthodontic tooth pain and jaw muscle tenderness within the first few weeks of  treatment 
compared to baseline and what are the modulating effects? 
2.2   Objectives of  Study 
The primary aim of  this study was to evaluate orthodontic tooth pain and jaw muscle tenderness 
in patients undergoing CAT with Invisalign© within the first few weeks of  treatment. 
The secondary aims of  the study were to: 
a. Determine whether CAT could favour the onset of  somatosensory changes in trigeminal and 
extra-trigeminal locations; 
b. Assess if  levels of  stress, trait anxiety, somatosensory amplification, depression and 
catastrophizing might affect orthodontic pain perception and jaw muscle tenderness in 
patients undergoing CAT 
2.3   Hypothesis 
Patients undergoing their first few weeks of  CAT will experience an increase in orthodontic tooth 
pain with a coincident increase in jaw muscle tenderness. 
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Chapter 3: Materials and Methods 
3.1   Research Ethics 
Ethics approval was obtained from the Health Sciences Research Ethics Board (HSREB) at the 
University of  Western Ontario (approval #109148, Appendix 11). 
3.2   Patient Recruitment 
Eligible patients for the study were 18 years or older, and candidates for CAT with Invisalign© 
(Align Technology, Santa Clara, California, USA) with no prior history of  clear aligner use. 
Patients were recruited from the graduate orthodontic clinics at the University of  Western 
Ontario, University of  Toronto and University of  Turin. Exclusion criteria consisted of: current 
symptoms of  TMD or orofacial pain, current use of  muscle relaxants or other medications 
affecting jaw muscle activity, presence of  any systemic disorders, and daily use of  any analgesics.  
	  
Prior to entering the study, each patient underwent a preliminary examination by a single-
examiner at each clinic according to the Research Diagnostic Criteria for temporomandibular 
disorders (RDC/TMD)154 (Appendix 3). A preliminary screening questionnaire based off  of  a 
modified version of  the TMD-Pain screener questionnaire155 was also completed by each 
potential patient (Appendix 4)(question #1 — “in the last 30 days, how long did any pain last in 
your jaw or temple area on either side? No pain, pain comes and goes, pain is always present). 
The TMD-Pain screener questionnaire was used to detect facial TMD pain in individuals and 
has a high specificity and sensitivity, 99.1% and 96.9% respectively.155 This questionnaire has 
proven to be a valid tool to identify patients with symptoms of  TMD.  
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Each eligible patient was further asked to complete another set of  questionnaires at the beginning 
of  the study: the State Trait Anxiety Inventory127 (STAI — Appendix 5), the Oral Behaviour 
Checklist148 (OBC — Appendix 6), the Somatosensory Amplification Scale156 (SSAS — 
Appendix 7), the Pain Catastrophizing Scale143 (PCS — Appendix 8), and the Beck Depression 
Inventory145 (BDI — Appendix 9). The use of  these questionnaires allowed for determining the 
association with certain psychological traits, as well as pre-existing parafunctional oral 
behaviours, on differences in individual pain perception. Each patient was given an information 
and consent package regarding the current study (Appendix 10) and was provided thorough 
verbal explanation. All questions were answered and patients provided written and verbal consent 
acknowledging the receipt of  the information package and willingness to participate in the study. 
The initial participant pool consisted of  34 eligible patients from all three graduate clinics (Fig. 8). 
Seven eligible patients refused to participate in the study for various reasons. The final sample 
size was 27 patients, consisting of  5 males and 22 females (mean age ± SD = 35.3±17.6 years). 
There were no dropouts during the experimental period and all patients fully completed the 
longitudinal monitoring of  pain and jaw muscle tenderness aspect of  the study (primary outcome 
measures).  
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Fig. 8 — Schematic Diagram Illustrating Flow of  Patient Recruitment 
3.3   Experimental Procedure 
All patients were treated with Invisalign© clear aligners, made of  the latest generation of  clear 
plastic, SmartTrack, which is a multi-layer thermoplastic polyurethane-based material with an 
elastomeric component.157, 158 Using the ClinCheck Pro software, the first stage of  aligners for all 
patients consisted of  upper and lower aligners programmed with no active tooth movements 
(passive trays). Active tooth movements from the aligners were only incorporated at the 
subsequent stages. To negate any potential effect on the results from the auxiliary bonded 
attachments on the teeth, all attachments were placed either at the beginning of  baseline 
measurements or after the experimental period. 
The decision was made to solely use one brand of  CAT for all patients in the experiment to 
eliminate any potential confounding factors associated with using a variety of  clear aligner 
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manufacturers. These confounding factors would include differences in plastic aligner material 
composition, thickness, flexibility, force activation, stress-relaxation differences, etc. It has been 
shown that the quality of  orthodontic force exerted by a thermoplastic clear aligner appliance is 
highly dependent on the mechanical properties of  its fabrication material.162 
3.4   EMG Recordings 
The coincident study to this project focused on surface electromyography (sEMG) to evaluate the 
daytime activity of  the masticatory muscles in the same patients undergoing CAT in the present 
study. This will allow for the assessment of  how the masticatory muscles adapt to CAT and to 
potentially better understand how orthodontic pain affects the muscle response to this removable 
orthodontic appliance. Therefore, all of  the individuals of  the final patient sample of  this 
experiment were also subjected to sEMG evaluation for this purpose. sEMG has been proven in 
literature to be an objective, reliable and non-invasive tool for evaluation of  the masticatory 
muscles. sEMG permits the detection of  hyper- and hypo- function, rest, and fatigue, and is 
capable of  distinguishing between function and non-functional oral behaviours.86, 87, 159–161 
 
Fig. 9 — Schematic Illustration of  Experimental Design 
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Patients were each provided with a portable sEMG device (MicroEMG, OT Bioelettronica, 
Turin, Italy) to self-record EMG signals at home for 4 hours per session starting anytime after 
12:00 noon. Disposable bipolar self-adhesive concentric electrodes were used for recording 
surface EMG signals. Prior to electrode placement, patients were instructed to clean the skin with 
a disposable alcohol swab to diminish impedance.91 Electrodes were placed by the patient at their 
right masseter muscle, along a line projecting from the mandibular angle to the lateral canthus of  
the eye, approximately 20 mm above the mandibular angle.159 The centre of  the electrode was 
located on a landmark on the skin of  the cheek that closely approximates the largest muscle 
“bulge” when the patient clenched their teeth together. Patients were instructed to avoid 
exercising, chewing and eating during recording sessions. 
	  
Each patient was instructed to turn on the device on the day scheduled for recording, and record 
his/her maximum voluntary jaw muscle contraction (MVC) in maximum intercuspal position 
(without aligner trays) by clenching as hard as possible and to maintain the same level of  
contraction for 3 seconds. This test was repeated three consecutive times, separated by 5 second 
intervals, as done previously.91 Patients were asked to turn off  the device after 4 hours of  
recording. The assessment of  MVC at the beginning of  each recording acted as a baseline 
millivolt measurement which will be used to detect and distinguish parafunctional tooth 
clenching episodes. 
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Data were collected for 4 full-week intervals (Fig. 9), with each week consisting of  three separate 4 
hour records on day 1, day 3 and day 5. The first week, “baseline” stage, was done prior to the 
patient wearing their first clear aligner tray and acted as a baseline measurement week. From this 
time forward, patients were instructed to record their orthodontic tooth pain and muscle 
tenderness subjectively with VAS 4-times per day. The second week, “dummy” stage, consisted of  
the patient wearing a passive or “dummy” clear aligner tray that elicited no active orthodontic 
forces. The non-active (passive) clear aligner tray was worn by the patient to favour habituation, 
with the intention of  reducing compliance issues during the active phases of  treatment. The 
passive aligner tray also allowed the determination whether or not the presence of  clear aligners 
by itself  (without active tooth movement forces) could elicit a pain response or muscle tenderness. 
The third week, “active1” stage, took place during the week of  the patient wearing their first 
active clear aligner tray. The fourth week, “active2” stage took place during the week of  the 
patient wearing their second active clear aligner tray. 
3.5   Daily Diary Recordings 
Patients were provided a custom-made diary (Appendix 1 and Appendix 2) to evaluate and 
record their tooth pain, occlusal discomfort and jaw muscle soreness at 4 time points during each 
day (08:00, 12:00, 16:00, and 22:00-before going to sleep) with visual analog scales (VAS — 
0-100 mm, left endpoint: no pain/discomfort, right endpoint: worst pain/discomfort one could 
imagine). Patients also recorded their overall stress at the end of  the day using a separate single 
VAS. Patients were instructed to take note of  any intake of  analgesics. The return of  the self-
report pain diary occurred after the end of  the fourth week. At this point, they each underwent 
another TMD examination (Appendix 3)(refer to Fig. 9). 
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3.6   Pressure Pain Thresholds 
Pressure pain thresholds (PPTs) were assessed with an electronic algometer (Wagner Inc., 
Greenwich, CT, USA) equipped with a rubber tip of  1 cm2 surface area. This device was used to 
assess patients’ sensitivity to pain before and after three weeks of  CAT. The data acquired served 
as an indirect objective measurement of  patients’ jaw muscle tenderness and to determine if  
CAT resulted in trigeminal and extra-trigeminal somatosensory changes. The PPT tests were 
performed in a silent and comfortable room in each of  the graduate orthodontic clinics. Each 
patient was asked to sit on a stable chair, head upright and with a table in front of  them to rest 
their hands. 
	  
The algometer was positioned perpendicular to the skin surface at the selected sites and pressure 
applied at an increasing rate of  approximately 20 kPa/sec. A single examiner at each research 
centre, trained and calibrated, performed all PPT measurements, as previously described.91 The 
PPT was determined as the point at which the pressure stimulus changed from a sensation of  
pressure into a sensation of  pain. The patient indicated this by raising one hand to signal the 
examiner to release the pressure and the peak pressure value prior to release was recorded. 
Patients were asked to keep the muscles relaxed during the evaluation. Inter-examiner error and 
calibration was accounted for by computing the intra-class correlation to estimate the inter-rater 
reliability between all research sites. The results confirmed a high inter-rater reliability (ICC 
0.966 [0.938-0.981]; p<0.001). 
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All measurements were taken at three locations on both right and left sides. For the masseter 
muscle, the site was located midway between the origin and insertion, 1 cm posterior to its 
anterior boundary. For the anterior temporalis muscle, the site was located on the line from the 
top edge of  the eyebrow to the highest point of  the pinna of  the ear, 2 cm posterior to the 
anterior margin of  the muscle as determined by palpating the muscle during voluntary 
contraction. For the thenar muscle, measurements were made on the skin of  the palmar side of  
the hand, on the thenar prominence. The selection of  these sites allowed for testing whether 
CAT caused somatosensory changes at both trigeminal and extra-trigeminal locations. It has 
been shown previously by Silva et al.114 that the masseter and temporalis muscles require 
different pressures (lower for the masseter) for distinguishing pain from only pressure and that the 
anterior temporalis has the highest sensitivity for testing and has the most suitable discriminative 
capacity. 
Clear templates were fabricated for each patient during the first PPT trial at the beginning of  
baseline week. Templates consisted of  an outline tracing of  the patient’s lips, eyebrows, ears, and 
location for PPT evaluation of  the masseter and anterior temporalis muscles. These custom 
templates were used for each patient again at their subsequent PPT tests to ensure consistent 
algometer placement between trials.  
PPT measurements were taken at two timepoints for each patient, at baseline prior to any aligner 
wear and at the end of  the fourth experimental week after wearing the second active aligner   
(Fig. 9). The measurements were repeated for a total of  4 trials at each muscle, with 1 minute 
intervals between trials. The order of  muscle site measurements were randomized across patients. 
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Randomization was accomplished utilizing the PairRandomizer application (San Francisco, CA, 
USA) for iOS Apple mobile devices. While assessing the PPT at masticatory muscle locations, the 
patients head was supported by counter-pressure from the opposite hand of  the operator. PPTs at 
the thenar muscles were measured with hands supinated flat on the table. 
3.7   Statistical Analyses 
The sample size calculation was determined on the basis of  our collective primary outcome 
measures of: sEMG analysis and self-report pain and muscle tenderness. Based on previous 
studies by Michelotti,163 a minimum of  17 participants would be required to detect a 10% 
change in EMG amplitude after CAT, with an effect size of  0.86, α-error set at 0.05 and β-error 
set at 0.1. 
	  
The normality of  distributions of  all variables were verified first with the Kolmogorov-Smirnov 
test. Data were not normally distributed. The variation of  VAS ratings for tooth pain and muscle 
tenderness were assessed over time by utilizing generalized linear mixed effect models with 
Bonferonni correction. Two models were used, one for each of  the primary outcome variables, 
tooth pain and muscle tenderness. In each model, day, gender and aligner condition (baseline, 
dummy tray, first active tray, second active tray) were used as fixed factors. Gender was 
incorporated into the model because pain is affected by gender.164, 165 Daily VAS stress measures 
were incorporated in the mixed models as a covariate. A sensitivity analysis with Pearson 
correlations were performed for both longitudinal tooth pain (Appendix 12) and muscle 
tenderness (Appendix 13) to various psychological traits: STAI, SSAS, PCS, and BDI. 
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Pearson correlations were also used to determine which psychological variables best fitted the 
model including daily VAS stress trajectories. All covariates were found to be correlated to each 
other (Appendix 14). Self-reported VAS stress was included in the model since it was the most 
significant predictor out of  all the covariates. Interactions between the model’s variables were 
tested and retained in the model when statistically significant (Appendix 15 and 16). To account 
for biologic and physiologic differences between individuals and since these differences are 
random, we included in the model unique patient IDs as a random factor. Mixed effect models 
were used in favour of  ANOVA of  repeated measures because mixed models properly account 
for intercorrelations between repeated measurements and multicollinearity. In other words, 
mixed effect models account for the variation between multiple repeated measures, whereas 
ANOVA only accounts for the differences between means and not multicollinearity. 
	  
The secondary outcome measure of  pressure pain thresholds (PPT) were calculated by discarding 
the first measurement and then computing the mean of  the subsequent 3 trials obtained at each 
PPT location. Differences between right and left sides in PPTs at the masseter, temporalis and 
thenar eminence were tested using a T-test. Since there were no differences between sides 
(p<0.001), the data was pooled for each muscle location. ANCOVA was used to test whether 
PPTs at different muscle locations changed after 4 weeks. Gender was included in the model as a 
fixed factor. 
	  
The statistical significance was set at p<0.05. SPSS software ver. 24.0 (IBM, Armonk, NY, USA) 
was used for the statistical analysis. 
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Chapter 4: Results 
The clear aligners resulted in an increase in mean orthodontic tooth pain according to self-report 
VAS (0-100 mm). The first stage passive aligner (“dummy”) and both subsequent active aligners 
(“active1” and “active2”) produced higher levels of  tooth pain compared to baseline (p<0.001). 
Overall, the first stage passive aligner elicited more mean tooth pain than the active aligners 
(p<0.001) (Fig. 10). There was a significant decrease in mean pain from the passive aligner to the 
first active aligner (p<0.001) and from first active aligner to second active aligner (p<0.001). 
There was a significant difference in mean tooth pain (±SEM) between males (3.2±0.8 mm) and 
females (11.2±1.6 mm) (p<0.001). 
Daily tooth pain score trajectories within each week of  baseline, passive aligner, first and second 
aligner stages are shown on Figure 11. For the majority of  days, the passive aligner and active 
aligners produced more tooth pain than at baseline (p<0.05), and during the first 4 days, the 
passive aligner produced more pain than the active aligners (p<0.05). Tooth pain was reported 
highest (VAS=16 mm) on day 2 of  the passive aligner stage and decreased significantly from day 
2 to day 7 (p<0.05).  The first active aligner produced mild tooth pain as well, but less than that 
of  the passive tray. There were no significant differences across days with the first active aligner 
(p>0.05). The second active aligner produced milder tooth pain compared to the first active 
aligner. Pain was significantly less at day 7 than day 1 with the second active aligner (p<0.05). 
When the covariate of  daily stress was incorporated into the statistical mixed effect model, it was 
found that the variations in pain response were less attributed to the days. This indicated that the 
variation of  stress across the days has an association with the perception of  pain compared to the 
days within each appliance condition (passive, first and second active aligners). In addition, trait 
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anxiety and reported tooth pain was found to be moderately correlated (r=0.473; p=0.008)
(Appendix 12). 
Fig. 10 — Mean Tooth Pain Self-Report VAS 
Mean orthodontic tooth pain (±SEM) from self-report VAS at baseline and for each aligner condition (passive aligner, first 
and second active aligners). Estimated values from the mixed effect model after taking into consideration the effect of  
covariates. All pairwise comparisons are statistically significant at p<0.001. 
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Fig. 11 — Tooth Pain Trajectories Over 7 Days at Baseline and for Each Aligner Condition 
At day 1 all pairwise (between conditions) comparisons were statistically significant (all p<0.05) except for active1 vs. 
active2 (p=0.441). At day 2 all pairwise comparisons were statistically significant (all p<0.05) except for active1 vs. 
active2 (p=0.286) and active 2 vs. baseline (p=0.286). At day 3 all pairwise comparisons were statistically significant (all 
p<0.05) except for active1 vs. active2 (p=0.303) and active2 vs. baseline (p=0.189). At day 4 all pairwise comparisons 
were statistically significant (all p<0.05) except for active1 vs. active2 (p=0.652). At day 5 all pairwise comparisons were 
statistically significant (all p<0.05) except for active1 vs. active2 (p=0.466), active1 vs. dummy (p=0.182), and active2 
vs. baseline (p=0.182). At day 6 pairwise comparisons were statistically significant only for active1 vs. baseline (p=0.020), 
and dummy vs. baseline (p=0.040). At day 7 pairwise comparisons were statistically significant only for active1 vs. baseline 
(p=0.032), and dummy vs. baseline (p=0.044).  
At baseline, there were no significant differences in tooth pain between days (all p=1.000). With the dummy tray, pain 
decreased significantly from day 2 to day 7 (p<0.05). No significant differences were found across days during active1 (all 
p>0.05). In active 2, pain was significantly less at day 7 than day 1 (p=0.028). 
Mild jaw tenderness was triggered according to self-report VAS (0-100 mm) by both the passive 
aligners (p<0.001) and the second active aligner (p<0.001) compared to baseline (Fig. 12). The 
first active aligner resulted in less mean muscle tenderness than the passive aligner (p<0.001). 
The second week of  active treatment resulted in more mean muscle tenderness than the first 
week of  active treatment (p<0.001). Estimated mean jaw muscle tenderness had no differences in 
regards to gender (p>0.05). 
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Daily muscle tenderness score trajectories within each week of  baseline, passive aligner, first and 
second active aligner stages are shown on Figure 13. All pairwise comparisons between 
conditions within each day were not statistically significant (all p>0.05). At baseline and with the 
first and second active aligners, there were no significant differences across the days (p>0.05). 
During the passive aligner, muscle tenderness decreased significantly from day 1 to day 6 
(p<0.05). The covariate of  daily stress was also incorporated into the mixed effect model for 
muscle tenderness and it was found to have the same effect on the outcome measure as it did to 
the mixed effect model for orthodontic pain. The variation of  stress across the days had an 
interaction effect with the perception of  muscle tenderness compared to the days within each 
appliance condition. It was found that muscle tenderness was moderately correlated with both 
reported wake-time oral parafunctions (OBC) (r=0.515; p=0.004) and anxiety (r=0.343; 
p=0.047) (Appendix 13). Additionally, daily reported stress was moderately correlated with OBC 
(r=0.393; p=0.026)(Appendix 14) 
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Fig. 12 — Mean Muscle Tenderness Self-Report VAS 
Mean jaw muscle tenderness (±SEM) from self-report VAS at baseline and for each aligner condition (passive aligner, first 
and second active aligners). All pairwise comparisons are statistically significant at p<0.001 except between passive and 
second active aligners and between baseline and first active aligners (p>0.05). 
 
Fig. 13 — Muscle Tenderness Trajectories Over 7 Days at Baseline and for Each Aligner Condition 
All pairwise (between conditions) comparisons within each day were not statistically significant (all p>0.05). At baseline, 
and with the trays active1 and active2, there were no significant differences in jaw muscle tenderness between days (all 
p>0.05). With the dummy tray, pain decreased significantly from day 1 to day 6 (p<0.05). 
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Although patients reported an onset of  jaw muscle tenderness during treatment, no patients 
developed a diagnosis of  TMD according to their RDC/TMD examinations (Appendix 3) before 
and during the initial weeks of  treatment. 
	  
According to the psychophysical measurements from pressure algometer tests, there were no 
statistically significant variations of  PPTs from baseline to after 3 weeks of  CAT at both 
trigeminal and extra-trigeminal locations (all with p>0.05). However, a significant effect of  
gender was found on PPTs regardless of  the intervention (p<0.001)(Fig. 14). Results from 
ANCOVA for the PPT measurements at baseline and at 4 weeks for the masseter, temporalis and 
thenar muscles are shown in Appendices 17, 18 and 19 respectively. Descriptive statistics for the 
PPT measurements at baseline and at 4 weeks for the masseter, temporalis and thenar muscles 
are shown in Table 1. 
Fig. 14 — Effect of  Gender on Mean PPT Results for All Muscle Sites 
Mean±SD pressure pain thresholds at both trigeminal and extra trigeminal locations in males and females patients. 
Significant differences between genders at all muscle locations, at p<0.001. 
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Table 1 — Descriptive Statistics for Masseter, Temporalis and Thenar Muscles PPT	  
PPT descriptive statistics for masseter, temporalis and thenar muscles (in Kg x cm2) at baseline and at 4 weeks. No Statistical 
significance between baseline and at 4 weeks at all muscle locations, at p>0.05. 
Descriptive Statistics for Masseter, Temporalis and Thenar Muscles PPT
Muscle Location Timepoint Mean Std. Deviation
Masseter Baseline 2.11 1.05
At 4 Weeks 2.21 1.06
Temporalis Baseline 2.33 1.02
At 4 Weeks 2.50 1.10
Thenar Baseline 4.43 2.14
At 4 Weeks 4.24 1.78
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Chapter 5: Discussion 
Pain is an unpleasant and emotional experience associated with actual or potential tissue  
damage.15 It can be a highly complex and subjective experience16 and is often a concern among 
patients undergoing orthodontic treatment.17–19 The source of  orthodontic pain is mainly from 
the application of  tooth movement forces, which results in the release of  pro-algesic mediators 
from free nerve endings.16, 166 Orthodontic tooth pain is concerning as it can decrease patient 
compliance and compromise the effectiveness and overall satisfaction of  orthodontic treatment.24 
The adaptation to clear aligner therapy (CAT) may differ from that to fixed orthodontic 
appliances where an increase in parafunctional jaw muscle activity may act as a conditioning 
stimulus to alleviate the perception of  tooth pain, as described by the conditioned pain 
modulation paradigm.10, 61, 66 As a consequence, the increase in parafunctional jaw muscle 
activity could result in jaw muscle tenderness.  It is well-known that orthodontic pain can be 
affected by multiple factors including psychological traits, such as somatosensory amplification, 
trait anxiety and stress.121, 124, 125 This study attempted to determine the effect of  CAT on 
orthodontic tooth pain and jaw muscle tenderness during the first few weeks of  treatment and 
whether certain psychological traits and oral parafunctional behaviours have modulating 
influences. 
Orthodontic pain associated with CAT has been investigated in previous studies.14, 33–35 And in 
general, when compared to traditional fixed appliances, it has been shown CAT results in less 
reported tooth pain. Only Shalish’s study in 2012,14 reported higher pain in the CAT compared 
to the fixed appliances group. However, Shalish did report that the differences in pain levels 
observed may have been due to a higher mechanical force level being applied early in treatment 
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for the CAT group. In the present study, the levels of  patient reported orthodontic pain are, in 
general, less than observed in these previous studies but follow the same pattern in terms of  
trending towards baseline levels after 7 days. Tooth pain only reached a maximum of  
approximately 16 mm on VAS, which occurred during the first week of  treatment with the 
passive aligners. Interestingly, this maximum reported tooth pain is similar to that reported by 
White’s study35 in 2017, which is also the only other previous study that utilized Invisalign©’s 
newest generation multi-layer thermoplastic material, SmartTrack, as was done in the present 
study. In the previous literature, the older generation EX30 thermoplastic material was used in 
the Invisalign© groups, and coincidently, these studies reported significantly higher pain scores in 
the first week of  treatment (up to 40 mm on VAS). Limited evidence suggests SmartTrack may be 
more comfortable than the older generation materials,56 but further studies are needed to validate 
this. Studies of  buccal fixed appliances and lingual fixed appliances have shown pain VAS scores 
reach up to 50 mm33–35 and 60 mm,14 respectively, substantially higher than those reported with 
CAT in the present study. 
	  
Significant increases in pain from baseline (mean VAS=4 mm) to the first stage passive aligner 
(mean VAS=11 mm) was evident. When active tooth movements were programmed into the first 
active aligners, there was a significant decrease in pain (mean VAS=8 mm). This demonstrates 
that pain was elicited most by the passive aligner and less so by the active aligner. There was also 
a decrease in pain from the first to second active aligners (mean VAS=6 mm), further 
demonstrating that active tooth movements did not elicit pain but rather an adaptation to pain 
occurring within the first few weeks of  CAT. Orthodontic pain was reported to be mild and of  
limited clinical significance according to VAS scores,121, 167, 168 however, the passive aligner 
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produced the most pain and discomfort. This could be the result of  the fit12, 32 of  the passive 
aligner, the introduction of  iatrogenic posterior occlusal interferences,79, 174 and the apprehension 
and stress involved with starting orthodontic treatment with a new appliance.16, 121, 169 Clear 
aligners are appliances that cover the occlusal surfaces and crowns of  the dentition, and due to 
the uniform thickness of  the plastic they are clinically assumed to have the propensity of  
introducing iatrogenic posterior occlusal interferences which can lead to tooth pain.174 It was 
found in this study that the variation of  stress had a significant interaction effect (Appendix 15) 
with the perception of  pain compared to the days within each appliance condition (passive, first 
active and second active aligners). In other words, pain perception in the passive aligner stage was 
significantly related to stress and it is very possible that stress contributes to and promotes an 
adaptation to the first week of  CAT. With the findings of  the present study, active tooth 
movements with CAT do not cause substantial tooth pain, and if  one modulates the stress of  the 
patient during the first stages, there may even be further reduced pain perception. It has been 
previously established that experimentally induced orthodontic tooth pain is greater in patients 
with higher trait anxiety.121 
	  
Jaw muscle tenderness resulting from clear aligner therapy has been minimally investigated. It 
has been demonstrated by Brien,62 that CAT with Invisalign© produces transient symptoms of  
TMD in the form of  muscle tenderness within the first two weeks of  treatment and subsides to 
baseline levels over time. This was not a consistent finding in the present study according to our 
self-report VAS scores as mild muscle tenderness was reported but did not subside to baseline 
levels. Rather, it increased during the second week of  the experiment with the passive aligners 
and also the fourth week with the second active aligners. However, the muscle tenderness 
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reported by patients were mild and likely of  limited clinical significance (reaching a maximum of  
approximately 8 mm on VAS) as no patients developed a diagnosis of  TMD during CAT 
according to their RDC/TMD clinical examinations before and during active treatment. 
However, because CAT does produce some muscle tenderness, it may not be advisable to be used 
as a splint in patients who have active TMD. If  muscle tenderness is increased, it is possible that 
clear aligners are promoting parafunctional activities. The largest change in muscle tenderness is 
evident between baseline and the passive aligner stage (approximately +3 mm on VAS), so there 
is likely an increase in muscular activities in the first week of  CAT. Theoretically, the increase in 
muscle tenderness in the passive aligner stage may be explained by the conditioned pain 
modulation paradigm.66 In this case, CAT elicited transient symptoms of  mild myofacial pain 
and muscle tenderness as a result of  repetitive clenching in order to relieve the perception of  pain 
and discomfort from the fit of  the passive aligner. This hypothesis requires confirmation by 
sEMG which will be evaluated with the coincident study whose primary objective is to evaluate 
the daytime activity of  the masticatory muscles by means of  sEMG in the same patients.  
Advancing to the second active aligner from the first active aligner, also produced a statistically 
significant increase (approximately +2 mm on VAS) in muscle tenderness. An explanation for this 
could be the masticatory muscles become fatigued due to an increase in parafunctional 
behaviours with further active tooth movements or there is an effect of  tooth pain on muscle 
activation. Otherwise, there would not be a difference between the first and second active aligner 
stages. In the present study, the first few weeks of  CAT seem to mostly follow the principles of  the 
conditioned pain modulation paradigm where one noxious stimulus (parafunctional activity) acts 
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as a conditioning stimulus to relieve the perception of  pain from another stimulus (CAT) resulting 
in an increase in jaw muscle tenderness. 
However, an opposing theory of  fear avoidance behaviour170, 171 could be occurring between the 
passive aligner stage and the first active aligner. The greatest pain perceived by the patients are 
during this transition, and teeth become sore as a result. It is possible that the increase in 
clenching initially to reduce the initial perception of  pain may be followed by subsequent reduced 
clenching, otherwise an increase in tooth pain would result. The fear avoidance behaviour in this 
case would be pain and discomfort caused by the passive aligners producing a peripheral 
inflammatory condition that stimulates the activity of  nociceptive specific neurons in the 
trigeminal nerve nuclei leading to a feedback avoidance behaviour of  the muscle.172 Perhaps this 
is the compensatory mechanism of  the muscle in the following week with the first active aligner. 
This is evident by the lower muscle tenderness reported at the first active aligner stage. The 
decrease in activity of  the masticatory muscles in the first active aligner stage will again be 
confirmed in the sister study that examines the muscle activity via sEMG.  
It is possible that the increase in jaw muscle tenderness is the result of  an increase in muscle 
hyperactivity more related to the introduction of  occlusal interferences79, 173 than to orthodontic 
tooth pain and the conditioned pain modulation paradigm. A number of  studies have 
investigated the potential influence of  experimentally induced occlusal interferences on signs and 
symptoms of  TMD and the overall findings indicate that it can increase the risk of  developing 
TMD, but also that the symptoms are transient.174 Therefore it is possible that CAT creates 
occlusal interferences leading to hyperactivity of  the muscles, which in turn leads to muscle 
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fatigue and pain. This is not explicitly proven in literature; however, it has been shown that the 
application of  an occlusal interference has different effects in individuals reporting a low or high 
frequency of  oral parafunctions — a minor impact in individuals reporting a low frequency of  
parafunctions and an aggravation in jaw muscle pain in those who report a high frequency of  
parafunctions.79 Further studies are required to determine the effects of  occlusal interferences 
from clear aligners on parafunction and muscle tenderness. 
In the present study, as expected, longitudinal muscle tenderness measures had a moderate 
correlation (r=0.515; p=0.004) with OBC scores (waking-state oral parafunctional behaviours)
(Appendix 13), supporting the hypothesis that muscle tenderness may be modulated by motor 
activity of  the masticatory muscles (OBC) as previously described.83, 148 Consistent with  
literature,82, 121, 126 our correlation studies of  the psychological parameters revealed stress and 
OBC to be correlated (Appendix 14) which justifies the use of  stress as the covariate in the 
statistical mixed effect model. Additionally, stress played a substantial role in the perception of  
muscle tenderness compared to the days within each appliance condition (Appendix 16). It is 
very possible that stress contributed to and promotes an adaptation to the first week of  CAT.    
	  
In regards to the psychophysical measurements of  PPT from pressure algometer tests, CAT did 
not result in a somatosensory change in trigeminal locations in the short-term. This is contrary to 
what was found in previous studies175, 176 where inducing a stimulus in the trigeminal area via 
orthodontic intervention resulted in significant somatosensory changes in trigeminal locations. 
However, this may just demonstrate jaw muscle tenderness produced by CAT in this study is only 
mild and of  limited clinical significance. Both trigeminal and extra-trigeminal muscle locations 
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had no differences in PPT from baseline to 4 weeks of  CAT. The PPT measurements found in 
the present study for the masseter, temporalis and thenar muscles were within ranges previously 
found in TMD-free individuals.91, 107, 110, 113, 114 A significant effect of  gender was found at both 
trigeminal and extra-trigeminal sites, with females having lower mean PPT scores than males. 
Gender differences in clinical and experimental pain conditions have been previously 
described177 with females generally demonstrate higher pain sensitivity than males via lower 
tolerance to pressure pain.178 
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Chapter 6: Limitations 
The present study does have some limitations. Firstly, the passive aligners may not have been 
truly passive which can result in the first stage of  aligners actually having active tooth movements. 
Theoretically, passive aligners should not produce any active tooth movements, but this is difficult 
to prove clinically. It is also possible that iatrogenic occlusal interferences were introduced leading 
to intrusive forces causing tooth pain. The accuracy of  the passive aligner to the actual dental 
arch is not only dependent on the impression technique and material used, but also the accuracy 
of  the ClinCheck Pro© software and whether it is truly able to program the first set of  aligners to 
be absolutely passive. Additionally, Invisalign©’s CAD/CAM manufacturing (production of  
stereolithographic models and vacuum-formed thermoplastic aligners) affects the accuracy of  the 
aligner trays as well.  
Another limitation was that the passive aligner stage was not allocated in random order with 
respect to the other aligner stages. To test a more true effect on the outcome measures with the 
passive aligners, they should have been staged in various timepoints (ie. before first active, 
between first and second active, and after second active aligners). Nonetheless, this most likely 
would have been an issue with research ethics because it would cause a delay in active treatment; 
whereas using the passive trays as the first stage, only delays initiating treatment — which the 
research ethics board did not consider as problematic.  
The next limitation is that patients did not have identical tooth movements in the active aligner 
stages — it is highly probable some patients had more tooth movements and a greater number of  
teeth subjected to forces than others. This is because there is heterogeneity in the patient sample 
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in terms of  their malocclusion. Additionally, in clinical practice, malocclusions tend to be less 
severe for those treated with CAT compared to those treated with fixed appliances. 179, 180 
Therefore, it should follow that patients treated with CAT often require a lower magnitude of  
tooth movements, and as such, are subjected to potentially less tooth pain. It was found in the 
present study that tooth pain during the first few weeks of  CAT was not elicited by active tooth 
movement, but this may be due to the speculation that the active tooth movements were only 
minor and simply did not reach the threshold to cause tooth pain. 
Another limitation was that compliance with the CAT trays could not be completely verified. All 
patients were assumed to have worn their aligners full-time (at least 22 hours per day) during the 
experimental period. All patients were asked to return their passive and first two active aligners 
along with the rest of  the research material after 4 weeks. Although Invisalign© Compliance 
Markers were incorporated in the trays, it was found that determining compliance with the 
appliance involved a significant degree of  subjectivity. The compliance markers were also prone 
to separating from the aligners during wear.   
A further limitation is that the methodology for PPT determination could be improved, even 
though the inter-rater reliability between study sites were high. Truer measures could have been 
obtained if  participants were provided with a physical button to signal and freeze the digital 
pressure reading once the threshold was met. A time lag exists from when the patient signals their 
physical hand to when the operator of  the algometer releases the pressure to obtain a digital 
reading.  
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Lastly, the patient sample was limited in number with a strong female predilection. The final 
limitations are recall bias due to the use of  paper-based diaries,181, 182 and having a small sample 
size. 
	 !55
Chapter 7: Clinical Significance 
Clear aligner therapy (CAT) is associated with mild tooth pain and jaw muscle tenderness as per 
patient self-reports. However, according to this study, they are low in magnitude and likely only 
limited in clinical significance. This is in contrast to fixed buccal and lingual orthodontic 
appliances, which have been shown to produce significantly higher levels of  pain.14, 33-35 Tooth 
pain and muscle tenderness, if  any, during the initial weeks of  CAT may mostly be due to the 
fitting of  the aligner and individual psychological stress rather than orthodontic tooth movement. 
CAT does not result in any significant somatosensory changes in trigeminal and extra-trigeminal 
locations. From a clinical standpoint, excessive pain during treatment can compromise patient 
satisfaction and overall treatment compliance and results. The first week of  CAT may elicit the 
highest levels of  tooth pain that returns to near baseline levels after 7 days. Jaw muscle tenderness 
mildly increases and remains at stable levels over the first few weeks of  treatment. CAT in 
patients with active TMD may not be advised as CAT could result in an increase in muscle 
tenderness likely from an increase in parafunctional activities. Keeping orthodontic forces light 
aids in making tooth movements predictable and it also favours habituation. Programming and 
producing an initial passive aligner (instead of  an initial active aligner) would likely result in 
discomfort anyway due to the fit, introduction of  occlusal interferences and potential stress 
involved with starting a new orthodontic appliance. 
Stress appears to play a significant role in the perception of  pain and contributes to appliance 
adaptation during the first week of  CAT. Another clinical implication is whether initial 
consultations for orthodontic treatment should include behavioural and psychological assessment 
questionnaires to identify individuals who may be more susceptible to pain. And perhaps anxiety 
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management and symptom perception management can be recommended for these individuals. 
Furthermore, patients should be prepared for encountering pain during orthodontic treatment 
and have their psychological adaptation strengthened by reinforcing and educating them that 
pain may be neutralized by diverting their attention from it. OBC (oral parafunctional 
behaviours) and STAI (state-trait anxiety) questionnaires can be completed chair-side prior to 
commencing orthodontic treatment, providing a baseline to estimate and predict the magnitude 
of  tooth pain secondary to orthodontic intervention. 
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Chapter 8: Future Study 
The coincident study will evaluate the daytime activity of  the masticatory muscles by means of  
sEMG in patients undergoing CAT with Invisalign©. The same patient sample will be used as 
sEMG data was collected concurrently with tooth pain and jaw muscle tenderness data. With the 
addition of  sEMG data, it will be possible to test whether the response of  masticatory muscles to 
CAT is dependent and related to perceived orthodontic pain. This will be the first study to 
investigate the masticatory muscle response to clear aligner therapy. 
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Chapter 9: Conclusions 
1. Clear aligner therapy produces mild tooth pain of  limited clinical significance which reaches 
the highest level with the first stage of  passive aligners and decreases with the subsequent 
active aligners. 
2. Jaw muscle tenderness mildly increases with the first stage of  passive aligner and varies with 
the subsequent active aligner stages. 
3. Individual psychological stress has a substantial modulating effect in the perception of  pain 
and jaw muscle tenderness, and appears to play a role in the adaptation to the first week of  
clear aligner therapy. 
4. Clear aligner therapy does not produce somatosensory changes in trigeminal and extra-
trigeminal muscle locations after the first few weeks of  treatment. 
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Appendices 
Appendix 1 — Patient Custom-Made Diary (Single Day Example) 
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Appendix 2 — Patient Summary Calendar for 4-Week Experimental Period 
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Appendix 3 — Research Diagnostic Criteria for Temporomandibular Disorders (RDC/TMD) 
Examination Form 
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Appendix 4 — Questionnaire: Diagnostic Criteria for Temporomandibular Disorders: 
Demographics and TMD-Pain Screener 
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Appendix 5 — Questionnaire: State-Trait Anxiety Inventory (STAI) 
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Appendix 6 — Questionnaire: Oral Behaviour Checklist (OBC) 
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Appendix 7 — Somatosensory Amplification Scale (SSAS) 
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Appendix 8 — Pain Catastrophizing Scale (PCS) 
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Appendix 9 — Becks Depression Inventory (BDI) 
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Appendix 10 — Letter of  Information and Consent for Research Study 
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Appendix 11 — Western University Health Science Research Ethics Board Approval 
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Appendix 12 — Correlations of Tooth Pain Measures to Psychological Traits
Summary of  Pearson correlations for longitudinal tooth pain measures to various psychological covariates (STAI, OBC, PCS, 
SSAS and BDI). Significance was found with state-anxiety, trait-anxiety (both p<0.01) and with somatosensory 
amplification (p<0.05) 
Correlations of: Tooth Pain and State-Anxiety Correlations of: Tooth Pain and Oral Behaviour Checklist
Tooth Pain State-
Anxiety
Tooth Pain OBC
Tooth Pain Pearson Correlation 1 0.466** Tooth Pain Pearson Correlation 1 0.006
Significance (1-tailed) 0.009 Significance (1-tailed) 0.489
N 26 25 N 26 25
State-
Anxiety
Pearson Correlation 0.466** 1 OBC Pearson Correlation 0.006 1
Significance (1-tailed) 0.009 Significance (1-tailed) 0.489
N 25 25 N 25 25
** Correlation is significant at the 0.01 level (1-tailed)
Correlations of: Tooth Pain and Trait-Anxiety Correlations of: Tooth Pain and Pain Catastrophizing
Tooth Pain Trait-Anxiety Tooth Pain PCS
Tooth Pain Pearson Correlation 1 0.473** Tooth Pain Pearson Correlation 1 0.047
Significance (1-tailed) 0.008 Significance (1-tailed) 0.412
N 26 25 N 26 25
Trait-Anxiety Pearson Correlation 0.473** 1 PCS Pearson Correlation 0.047 1
Significance (1-tailed) 0.008 Significance (1-tailed) 0.412
N 25 25 N 25 25
** Correlation is significant at the 0.01 level (1-tailed)
Correlations of: Tooth Pain and Somatosensory Amplification Correlations of: Tooth Pain and Becks Depression
Tooth Pain SSAS Tooth Pain BDI
Tooth Pain Pearson Correlation 1 -0.348** Tooth Pain Pearson Correlation 1 -0.247
Significance (1-tailed) 0.044 Significance (1-tailed) 0.098
N 26 25 N 26 24
SSAS Pearson Correlation -0.348** 1 BDI Pearson Correlation -0.247 1
Significance (1-tailed) 0.044 Significance (1-tailed) 0.098
N 25 25 N 24 24
* Correlation is significant at the 0.05 level (1-tailed)
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Appendix 13 — Correlations of Muscle Tenderness Measures to Psychological Traits 
Summary of  Pearson correlations for longitudinal jaw muscle tenderness measures to various psychological covariates (STAI, 
OBC, PCS, SSAS and BDI). Significance was found with state-anxiety (p<0.05) and with oral behaviour checklist 
(p<0.01) 
Correlations of: Muscle Tenderness and State-Anxiety Correlations of: Muscle Tenderness and Oral Behaviour Checklist
Muscle 
Tenderness
State-
Anxiety
Muscle 
Tenderness
OBC
Muscle 
Tenderness
Pearson Correlation 1 0.343* Muscle 
Tenderness
Pearson Correlation 1 0.515**
Significance (1-tailed) 0.047 Significance (1-tailed) 0.004
N 26 25 N 26 25
State-
Anxiety
Pearson Correlation 0.343* 1 OBC Pearson Correlation 0.515** 1
Significance (1-tailed) 0.047 Significance (1-tailed) 0.004
N 25 25 N 25 25
* Correlation is significant at the 0.05 level (1-tailed) ** Correlation is significant at the 0.01 level (1-tailed)
Correlations of: Muscle Tenderness and Trait-Anxiety Correlations of: Muscle Tenderness and Pain Catastrophizing
Muscle 
Tenderness
Trait-Anxiety Muscle 
Tenderness
PCS
Muscle 
Tenderness
Pearson Correlation 1 0.268 Muscle 
Tenderness
Pearson Correlation 1 -0.056
Significance (1-tailed) 0.098 Significance (1-tailed) 0.395
N 26 25 N 26 25
Trait-Anxiety Pearson Correlation 0.268 1 PCS Pearson Correlation -0.056 1
Significance (1-tailed) 0.098 Significance (1-tailed) 0.395
N 25 25 N 25 25
Correlations of: Muscle Tenderness and Somatosensory 
Amplification
Correlations of: Muscle Tenderness and Becks Depression
Muscle 
Tenderness
SSAS Muscle 
Tenderness
BDI
Muscle 
Tenderness
Pearson Correlation 1 0.023 Muscle 
Tenderness
Pearson Correlation 1 -0.175
Significance (1-tailed) 0.456 Significance (1-tailed) 0.207
N 26 25 N 26 24
SSAS Pearson Correlation 0.023 1 BDI Pearson Correlation -0.175 1
Significance (1-tailed) 0.456 Significance (1-tailed) 0.207
N 25 25 N 24 24
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Appendix 14 — Correlations of Daily Stress Measures to Psychological Traits 
Summary of  Pearson correlations for daily stress measures to various psychological covariates (STAI, OBC, PCS and SSAS). 
Significance was found with OBC (p<0.05). 
Correlations of: Daily Stress and State-Anxiety Correlations of: Daily Stress and Oral Behaviour Checklist
Daily 
Stress
State-
Anxiety
Daily Stress OBC
Daily Stress Pearson Correlation 1 0.213 Daily Stress Pearson Correlation 1 0.393*
Significance (1-tailed) 0.153 Significance (1-tailed) 0.026
N 26 25 N 26 25
State-
Anxiety
Pearson Correlation 0.213 1 OBC Pearson Correlation 0.393 1
Significance (1-tailed) 0.153 Significance (1-tailed) 0.026
N 25 25 N 25 25
* Correlation is significant at the 0.05 level (1-tailed)
Correlations of: Daily Stress and Trait-Anxiety Correlations of: Daily Stress and Pain Catastrophizing
Daily 
Stress
Trait-Anxiety Daily Stress PCS
Daily Stress Pearson Correlation 1 0.201 Daily Stress Pearson Correlation 1 0.230
Significance (1-tailed) 0.167 Significance (1-tailed) 0.134
N 26 25 N 26 25
Trait-Anxiety Pearson Correlation 0.201 1 PCS Pearson Correlation 0.230 1
Significance (1-tailed) 0.167 Significance (1-tailed) 0.134
N 25 25 N 25 25
Correlations of: Daily Stress and Somatosensory Amplification
Daily 
Stress
SSAS
Tooth Pain Pearson Correlation 1 0.238
Significance (1-tailed) 0.125
N 26 25
State-Anxiety Pearson Correlation 0.238 1
Significance (1-tailed) 0.125
N 25 25
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Appendix 15 — Mixed Effect Model: Tooth Pain
Summary of  mixed effect model for orthodontic tooth pain outcome measure. All fixed effects , covariate of  stress, and 
interactions significant at p<0.001. 
Appendix 16 — Mixed Effect Model: Muscle Tenderness
Summary of  mixed effect model for jaw muscle tenderness outcome measure. Significance found for variation across the days 
(p<0.05), condition of  aligners, stress and interactions (p<0.001) 
Mixed Eﬀect Model: Tooth Pain
F-value P-value
Sex 19.176 <0.001
Day 4.872 <0.001
Condition 68.293 <0.001
Stress 210.945 <0.001
Day*Stress 10.576 <0.001
Day*Condition 2.982 <0.001
Mixed Eﬀect Model: Muscle Tenderness
F-value P-value
Sex 0.833 0.361
Day 2.403 0.026
Condition 16.772 <0.001
Stress 380.471 <0.001
Day*Stress 23.877 <0.001
Day*Condition 2.914 <0.001
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Appendix 17 — PPT Results from ANCOVA for Masseter Muscle 	 
PPT results from the general linear model (ANCOVA) for the masseter muscle. The intervention of  CAT did not affect PPT 
at the master after 4 weeks. Significant effect of  gender on PPTs of  masseter muscle(p<0.001).  
Appendix 18 — PPT Results from ANCOVA for Temporalis Muscle 	  
PPT results from the general linear model (ANCOVA) for the temporalis muscle. The intervention of  CAT did not affect 
PPT at the master after 4 weeks. Significant effect of  gender on PPTs of  temporalis muscle (p<0.001).  
Appendix 19 — PPT Results from ANCOVA for Thenar Muscle 
PPT results from the general linear model (ANCOVA) for the thenar muscle. The intervention of  CAT did not affect PPT at 
the master after 4 weeks. Significant effect of  gender on PPTs of  thenar muscle (p<0.001). 
PPT Results from ANCOVA for Masseter Muscle
F-value P-value
Sex 19.178 <0.001
Timepoint 0.222 0.639
Sex*Timepoint 0.120 0.731
PPT Results from ANCOVA for Temporalis Muscle
F-value P-value
Sex 14.068 <0.001
Timepoint 0.725 0.399
Sex*Timepoint 0.300 0.586
PPT Results from ANCOVA for Thenar Muscle
F-value P-value
Sex 14.068 <0.001
Timepoint 0.725 0.399
Sex*Timepoint 0.3 0.586
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Appendix 20 — Copyright Clearance for use of  Figures/Illustrations 
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